Experiments were set up to study the morphological changes induced in bovine corneal endothelial cell culutures in vitro after a brief exposure to various miotic preparations. The relative toxic effects of pH, osmolality, absence of calcium, or presence of pilocarpine were investigated. The probable cause of the corneal oedema noted in the 2 clinical cases included in this report was identified, and the minimum requirements for the formulation of a miotic solution for intraocular use are outlined.
Corneal oedema after operation for cataract is usually an iatrogenic disorder caused by mechanical and chemical injury to the endothelium of the cornea. This investigation was carried out after 2 cases of severe corneal oedema had followed the accidental use of an inappropriate intraocular miotic. The preparation used was a sterile, preservative-free solution of 1 % pilocarpine nitrate in water in a single-dose container (Minims, Smith & Nephew Pharmaceuticals Ltd.) . This miotic has a pH of 4 5 and an osmolality of approximately 78 mOsllitre and is not designed for intraocular use. Experiments were set up to study the morphological changes induced in bovine corneal endothelial cell culutures in vitro after a brief exposure to various miotic preparations. The relative toxic effects of pH, osmolality, absence of calcium, or presence of pilocarpine were investigated. The probable cause of the corneal oedema noted in the 2 clinical cases included in this report was identified, and the minimum requirements for the formulation of a miotic solution for intraocular use are outlined.
Case reports CASE I
An apparently uncomplicated intracapsular cryoextraction for presenile nuclear cataract was performed on a 51-year-old woman. Preoperative examination of the cornea by specular reflection with the slit-lamp microscope hiad shown slight Fig. 1 Severe corneal oedema 24 hours after intracapsular lens extraction; I % pilocarpine nitrate in water had been utsed as an intraocular miotic (Case 1) cornea guttata but an otherwise healthy endothelial mosaic. At the end of the operation the anterior chamber was reformed with a sterile solution of 1 % pilocarpine nitrate in water without preservative (Minims). On the first postoperative day severe corneal oedema was present ( Fig. 1) and only a 1-mm peripheral band of the inferior part of the cornea remained clear. The eye healed quickly without further complication, but after 7 months there had been no improvement in the bullous keratopathy.
CASE 2
A 69-year-old woman had a similar procedure performed by the same surgeon on the same operating list. Again preoperative assessment of the 815 Jeffr-ey L. Jay an1d Margaret MacDonald To imitate the time scale of a single dose of intraocular miotic experiments were designed to study the endothelial cell changes after a 5-minute exposure to various test solutions and during 24 hours of recovery in culture medium. 2 ml of test or control solutions (Table 1) were exchanged for the culture medium in each flask and allowed to remain in contact with the cell monolayer for 5 minutes. The solution was poured off and the cells washed with 2 ml of TC 199. The cells were then allowed to recover in the growth medium described above. Four fields in each flask were marked for photography and a series of phase-contrast photomicrographs were taken of each field. The time intervals were: before exposure to the solution, after 5 minutes' exposure, after 2 hours' recovery in growth medium, and after 24 hours' recovery. The entire experiment was carried out in a hot room at 37°C, and during each experiment several different test solutions were compared with control preparations.
The photomicrographs were printed at x 300 magnification and with the identity of the test solution masked; changes in the appearance of the cells in each sequence were recorded. When the analysis of the photographs was complete, the solutions were identified.
Test solutions were made up as shown in Table I (Fig. 2) . Other test solutions caused the cells to lose adhesion and separate from each other and from the substrate. This is described as cell rounding, and it occurred as soon as the solutions were added to the culture flasks.
Residual cells rapidly regained their normal morphology during the recovery phase (Fig. 3) .
These changes were seen both in actively dividing areas at the edges of cell colonies and in confluent areas at the centre of the colonies, but the active cell forms showed more (Fig. 2b) . These cells showed some distruption of cytoplasm in the early recovery period at 2 hours (Fig. 2c) , and by 24 hours (Fig. 2d) Rounding.-Exposure to isotonic calcium-free ionic solutions (Table 1) caused the cells to separate, lose adhesion to the substrate, and form spheres which were visible in the 5-minute micrographs (Fig. 3b) . This did not affect the viability of the cells, as rounded cells still in contact with the substrate rapidly flattened on to the bottom of the flasks during the recovery period ( Fig. 3c and 3d) . Again actively spreading cells showed greater changes than did confluent cell areas at the centre of colonies. Table 1 shows that the cytotoxic effects occurred only in non-isotonic solutions while rounding occurred only in isotonic calcium-free ionic solutions. The experiment did not show any identifiable changes which could be attributed to the low pH of some solutions or to the presence of pilocarpine.
1 % pilocarpine isotonic in sodium chloride with 200 mg of calcium chloride per litre, pH 4 5, had no detectable effect on the cells after 5 minutes' exposure. An isotonic solution of 5 % mannitol was also without effect.
Discussion
The experimental results suggest that the severe corneal oedema which occurred after the 2 cases of intracapsular lens extraction was related to the extreme osmotic shock which was caused by the intraocular use of a solution of 1 % pilocarpine nitrate in water. The presence of pilocarpine when isotonic in saline with added calcium had no detectable effect on bovine endothelial cell cultures after 5 minutes' exposure, but after several hours' exposure to pilocarpine a dose-related toxic effect does occur (Coles, 1975a) .
Addition of a phosphate buffer to neutralise the rather acid pilocarpine solutions showed no detectable benefit and may have accelerated the rounding effect by combining with residual calcium in the cells to enhance the effect of a calcium-free solution. Buffered preparations would have the disadvantage of rendering the miotic unstable, as pilocarpine in neutral solution undergoes spontaneous isomerisation to inactive isopilocarpine after a few weeks of storage at room temperature (Anderson and Cowle, 1968) . The theoretical benefit of using a neutral pilocarpine for intraocular injection would have to be balanced by the risk of cold shock to the corneal endothelium if the buffered pilocarpine required storage at low temperature.
Although it has been shown by Kaye et al. (1968) that calcium is essential to maintain the junctional complexes of endothelial cells, it is unlikely that the omission of this divalent cation would cause appreciable endothelial cell death. On the other hand the cell rounding and loss of adhesion demonstrated in this study might be a factor in causing temporary disruption of the continuity of the endothelial barrier in vivo. With more severe loss of adhesion some cells might separate completely from Descemet's membrane, so that even after recovery there would be a reduction in the endothelial cell population. This might be enough to provoke decompensation in a cornea with an already reduced endothelial cell density.
The damage produced by 1 % acetylcholine in 5 % mannitol may be related to the hypertonicity of this preparation, but this has not yet been fully clarified. Mannitol alone in isotonic strength (5%) did not seem to cause changes.
Extracapsular lens extraction, phacoemulsification, intraocular lens implantation, and the use of suction cutting instruments in the anterior segment may require prolonged irrigation of the anterior chamber with an artificial aqueous humour. Perfusion fluids should not be toxic to the corneal endothelium, as the use of an unphysiological solution is likely to potentiate any mechanical disruption of the endothelium during the surgical manipulation. A suitable artificial aqueous for prolonged perfusion has been shown by Edelhauser et al. (1976) to require a bicarbonated Ringer's solution with added glucose, glutathione, and adenosine (GBR). The same authors suggest that for low volume irrigation of the anterior chamber less favourable fluids such as sodium chloride 09 % or Ringer-lactate solution might be adequate.
As miotics for intraocular use are likely to bathe the corneal endothelium only for a short time, their formulation need be less complex than that for solutions used for anterior chamber perfusion. There are, however, some important factors to be observed. The pilocarpine should be prepared in a physiological salt solution containing calcium to maintain cell adhesion, and the final osmolality must be near that of aqueous humour, approximately 300 mOs/litre. No bacteriostatic preservative should be used, as these may cause severe endothelial damage. Maurice and Perlman (1977) have shown that benzalkonium chloride in the concentration used in eye drops causes irreversible destruction of rabbit corneal endothelial function after a few seconds of exposure. In addition toxic effects of intraocular epinephrine have been attributed by Hull et al. (1975) to the bisulphate preservative rather than the drug itself, and Coles (1975b) has shown that the endothelial damage caused by erythromycin is aggravated by the addition of benzyl alcohol preservative.
Autoclave sterilisation is suitable for pilocarpine and may be preferable to filter sterilisation, as some membrane filters are coated with a detergent wetting agent which can damage cell cultures if the filters are not washed thoroughly before use. Alternatively, grades of filters specifically for tissue culture media may be used, as these have the wetting agent omitted (Mulvany, 1972) . 
